Abstract. Mutations in the Aquaporin-2 gene, which encodes a renal water channel, have been shown to cause autosomal nephrogenic diabetes insipidus (NDI), a disease in which the kidney is unable to concentrate urine in response to vasopressin. Most AQP2 missense mutants in recessive NDI are retained in the endoplasmic reticulum (ER), but AQP2-T125M and AQP2-G175R were reported to be nonfunctional channels unimpaired in their routing to the plasma membrane. In five families, seven novel AQP2 gene mutations were identified and their cell-biologic basis for causing recessive NDI was analyzed. The patients in four families were homozygous for mutations, encoding AQP2-L28P, AQP2-A47V, AQP2-V71M, or AQP2-P185A. Expression in oocytes revealed that all these mutants, and also AQP2-T125M and AQP2-G175R, conferred a reduced water permeability compared with wt-AQP2, which was due to ER retardation. The patient in the fifth family had a GϾA nucleotide substitution in the splice donor site of one allele that results in an out-of-frame protein.
AQP2, which was due to ER retardation. The patient in the fifth family had a GϾA nucleotide substitution in the splice donor site of one allele that results in an out-of-frame protein.
The other allele has a nucleotide deletion (c652delC) and a missense mutation (V194I). The routing and function of AQP2-V194I in oocytes was not different from wt-AQP2; it was therefore concluded that c652delC, which leads to an out-of-frame protein, is the NDI-causing mutation of the second allele. This study indicates that misfolding and ER retention is the main, and possibly only, cell-biologic basis for recessive NDI caused by missense AQP2 proteins. In addition, the reduced single channel water permeability of AQP2-A47V (40%) and AQP2-T125M (25%) might become of therapeutic value when chemical chaperones can be found that restore their routing to the plasma membrane.
The aquaporin-2 (AQP2) water channel plays an important role in reabsorption of water in the kidney collecting duct and consequently in concentrating urine (1) . Binding of arginine vasopressin (AVP) to its V2 receptor (AVPR2) at the basolateral side of principal cells of collecting ducts leads to an increase of intracellular cAMP levels, resulting in phosphorylation of AQP2 and possibly other proteins, by protein kinase A and subsequent redistribution of AQP2 from subapical storage vesicles to the apical plasma membrane. Driven by the interstitial hypertonicity, water reabsorption and urine concentration is thereby initiated. This process is reversed after dissociation of AVP from its receptor (2, 3) .
Several mutations in the AVPR2 and AQP2 genes have been reported to cause congenital nephrogenic diabetes insipidus (NDI), a disease in which the kidney is unable to concentrate urine in response to AVP. Mutations in the AVPR2 gene result in NDI that is inherited as an X-linked recessive trait, whereas mutations in the AQP2 gene cause NDI that is inherited as either an autosomal recessive or a dominant trait (1,4 -6,7) . Expression studies in oocytes showed that an AQP2 mutant in dominant NDI, AQP2-E258K, was a functional water channel but was retained in the region of the Golgi complex (7) . In coexpression studies with wild-type (wt) AQP2, a dominantnegative effect was observed, which was caused by impaired routing of wt-AQP2 to the plasma membrane because of het-erotetramerization with AQP2-E258K (8) . Recently, four other AQP2 mutants, all with nucleotide deletions in the coding region of the C-terminus of AQP2, were reported to cause dominant NDI (9, 10) . Similar to AQP2-E258K, expression of these AQP2 mutants in oocytes revealed that they were functional water channels, which conferred their dominant-negative effect by heteroligomerization with wt-AQP2 and mistargeting of the wt-mutant complex to another subcellular organelle than the plasma membrane.
Most mutations identified in the AQP2 gene, however, cause NDI that is inherited as an autosomal recessive trait. On the basis of the cell-biologic outcome for plasma membrane proteins, genotypes have been assigned to five different classes (11, 12) . Functional analyses of numerous mutants revealed that more than 50% of mutations identified in inherited diseases are class II mutations. With class II mutations, the translation of the protein is complete, but the abnormal protein fails to be exported from the endoplasmic reticulum (ER; for review see reference 13). Retention in the ER is usually followed by degradation of the protein (14); consequently, little or no protein reaches its final destination. Similarly, expression in oocytes of missense AQP2 mutants in recessive NDI revealed that most were impaired in their export from the ER (15) (16) (17) (18) .
In contrast to these class II AQP2 mutations, Goji et al. described two mutations in recessive NDI that would fall into class IV, because the corresponding AQP2 mutants (AQP2-T125M and AQP2-G175R) were reported to be nonfunctional channels that were not impaired in their routing to the plasma membrane (19). This suggested that there are at least two mechanisms by which AQP2 missense mutations can cause recessive NDI.
In this article, five NDI families are described in whom seven new AQP2 mutations were identified, of which five were missense mutations. To determine their involvement in recessive NDI and the cell-biologic mechanism underlying NDI in these families, the encoded AQP2 mutants were tested for their routing and function in Xenopus oocytes and, to some extent, in polarized MDCK cells. Also included in this study were the two class IV mutations (T125M and G175R) that were reported to encode nonfunctional water channels.
Materials and Methods

Patients
Patient characteristics are illustrated in Figure 1 . The index patient of family 1 was administered to the hospital at the age of 1 mo because of vomiting and failure to thrive. The female patient was the second child of consanguineous parents and had a healthy brother. Blood and urine analyses revealed hypernatremia (160 mmol/L) and low urine osmolality (89 mosmol/kg H 2 O), respectively. Uosm did not increase after administration of dDAVP, indicating that the child suffered from NDI. At the age of 6 yr, she is still small and has mild hydronephrosis. Both patients from family 2 presented in early infancy with fever, vomiting, polyuria, polydipsia, dehydration, and failure to thrive. On biochemical analysis, both showed hypernatremia (152 and 153 mmol/L) and low urinary osmolality (230 and 224 mosm/kg H 2 O). During an oral fluid deprivation trial with consecutive dDAVP administration (40 g intranasally), urinary osmolality did not increase (189 and 185 mosmol/kg H 2 O). Family 3 is a consanguineous family of Pakistani origin with two affected girls. The parents are most closely related as first cousins. Both patients presented with polydipsia, severe polyuria and low urinary osmolality (96 and 112 mosmol/kg H 2 O), which did not increase after dDAVP administration (91 and 123 mosmol/kg H 2 O). The patient from family 4 presented 5 d after birth with fever and bloody feces. She is the first child of parents of German origin who are related as first cousins, once removed. Clinical testing revealed hypernatremia (150 mmol/L) and a urinary osmolality of 84 to 150 mosm/kg H 2 O, which did not increase with dDAVP administration (150 mosm/kg H 2 O). The patient from family 5 presented with vomiting within the first week of life, which became severe in the following 2 wk. Biochemical analysis at the age of 6 wk revealed hypernatremia (155 to 160 mmol/L) and an elevated plasma osmolality (324 mosmol/kg). The urinary osmolality of 80 mosmol/kg H 2 O did not increase after intramuscular or subcutaneous administration of dDAVP. Isolation of genomic DNAs, amplification of the AVPR2 and AQP2 coding regions, and sequence analyses were done as described (1, 20, 21) .
Generation of AQP2 Mutant Expression Constructs
With a three-steps PCR reaction or quick-change site-directed mutagenesis kit (T125M; Stratagene, Heidelberg, Germany), each mutation carried by NDI patients was introduced into the human AQP2 cDNA sequence. Primers used were CGTCTTC-TTTGGCCCCGGGTCTGCCCTCAACTGG for L28P, CCCT-CTGTGCTGCAGATTGCCATGGTGTTTGGCTTGG for A47V, AGCGGGGCCCACATCAACCCGGCCATGACTGTGGCCTGC for V71M, GCTCTGAGCAACAGCATGACGGCCGGCCAGGCGG for T125M, GGTGTAATGGATCCGAAGGAGGTGGCC for G175R, GCTCTATGAATGCTGCCCGGTCCCTGGCTCCAGC for P185A, and GCTCCCTGGCTCCGGCTGTCATCACTGGCAAATTTG for V194I, with which restriction sites were introduced for SmaI (L28P), PstI (A47V), or NciI (V71M, P185A) or were deleted for StyI (G175R) or PvuII (V194I). After cutting these fragments with BglII/ ApaI (L28P), NcoI/SmaI (A47V), ApaI/BamHI (V71M, G175R), ApaI/SmaI (T125M), or BamHI/KpnI (P185A, V194I), the mutationcontaining fragments were isolated and cloned into the corresponding sites of the oocytes expression construct pT 7 T s -AQP2 (1).
For expression in MDCK cells, wt-AQP2, AQP2-R187C, and AQP2-T125M were N-terminally tagged with the green fluorescent protein (GFP). For the generation of GFP-tagged wt-AQP2 (G-AQP2), a 900-bp NspI-blunted/SalI fragment of pBS-AQP2 (1), which contained the complete wt-AQP2 coding sequence, was cloned into the HindIII-blunted/SalI sites of pEGFP-C1 (Clontech, Palo Alto, CA), resulting in pEGFP-AQP2. To facilitate cloning of AQP2 mutants in pEGFP-C1, the ApaI and KpnI sites were removed by digestion with SmaI and KpnI, after which the vector was blunted with T4 DNA polymerase and re-ligated. An 865-bp BglII/SalI fragment of pEGFP-AQP2 was subsequently cloned into the corresponding sites of this pEGFP-⌬AK vector to generate pEGFP-⌬AK-AQP2. To generate the fusion constructs encoding GFP-AQP2-R187C (G-AQP2-R187C) and GFP-AQP2-T125M (G-AQP2-T125M), 611-bp ApaI/ KpnI fragments, encoding AQP2 segments containing the mutations, were isolated from pTsT7-AQP2-R187C and pTsT7-AQP2-T125M, respectively, and cloned into the corresponding sites of pEGFP-⌬AK-AQP2. Sequence analysis of selected clones confirmed that only the desired mutations were introduced.
AQP2-G175R, pT 7 T s -AQP2-P185A, and pT 7 T s -AQP2-V194I were linearized with SalI, after which g-capped cRNA transcripts were synthesized in vitro using T7 RNA polymerase according to Promega's Protocols and Principle guide (1991), except that 1 mM final concentration of nucleotide triphosphates and m7G(5')ppp(5')G were used. The cRNAs were phenol extracted, precipitated and dissolved in di-ethylpyrocarbonate-treated water. The integrity was checked by agarose gel electrophoresis, and the concentrations were determined with a spectrophotometer.
Water Permeability Measurements
Stage V and VI oocytes were isolated from Xenopus laevis after defolliculation with 2 mg/ml collagenase A (Boehringer Mannheim, Mannheim, Germany) and stored at 18°C in modified Barth solution (MBS: 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 10 mM HEPES [pH 7.5], 0.82 mM MgSO 4 , 0.33 mM Ca(NO 3 ) 2 , 0.41 mM CaCl 2 ) supplemented with 25 g/ml gentamicin. The oocytes were injected with the indicated amounts of cRNAs coding for wt or mutant AQP2 proteins. Three days after injection, the vitelline membranes were removed and the water permeability (P f in m/s) was measured using a standard swelling assay (1). Oocyte swelling was performed at 22°C after the transfer from 200 mosM to 20 mosM.
Isolation of Total Membranes and Plasma Membranes
To isolate total membranes, 12 oocytes were homogenized in 250 l of homogenization buffer A (HbA: 20 mM Tris [pH 7.4], 5 mM MgCl 2 , 5 mM NaH 2 PO 4 , 1 mM EDTA, 80 mM sucrose, 1 mM phenylmethylsulfonyl fluoride, 5 g/ml leupeptin and pepstatin) and centrifuged at 200 g at 4°C for 10 min to remove the yolk proteins. The membranes were isolated by centrifugation at 4°C at 14,000 g for 20 min.
Plasma membranes were isolated as described (22) . Briefly, 12 oocytes were coated with 1% silica in modified MES-buffered saline for silica (MBSS: 20 mM MES, 80 mM NaCl, pH 6.0), washed twice with MBSS buffer, and incubated in 0.1% polyacrylic acid in MBSS. In both incubations, oocytes were rotated slowly for 30 min at 4°C. After two times washing with MBS, the oocytes were homogenized in HbA. After five washing steps with slow centrifugation (3 ϫ 14 g; 1 ϫ 24 g; 1 ϫ 390 g) at 4°C for 30 s, plasma membranes were pelleted by centrifugation at 14,000 g for 20 min.
Immunoblotting
Protein samples were denatured by incubation for 30 min at 37°C in Laemmli buffer, subjected to electrophoresis on a 12% SDSpolyacrylamide gel and transferred onto PVDF membranes (Millipore Corporation, Bradford, MA) by standard procedures. Next, the blots were incubated with 1:3000 diluted affinity-purified AQP2: 257 to 271 rabbit antibodies, raised against the 15 C-terminal amino acids of rat AQP2 (15) in TBST-buffer (20 mM Tris, 140 mM NaCl, 0.1%Tween, pH 7.6) supplemented with 1% nonfat dried milk. As a secondary antibody, a 1:5000 dilution of goat ␣-rabbit IgG (Sigma, St Louis, MO) coupled to horseradish peroxidase was used. Finally, AQP2 proteins were visualized using enhanced chemiluminescence (Pierce, Rockford, IL). Digestion of proteins with N-glycosidase F (Boehringer Mannheim, Mannheim, Germany) was done according to the manufacturer's protocol.
Determination of the Relative Single Channel Water Permeabilities of AQP2 Mutants
To determine the functionality of AQP2 mutants in relation to wt-AQP2, all immunoblot signals of AQP2 proteins in the plasma membrane of oocytes were semi-quantified by densitometric scanning and comparison with the signals of a twofold dilution series of wt-AQP2, which was blotted in parallel. In each experiment, the different amounts of wt-AQP2 expressed in the plasma membrane fraction of oocytes and the corresponding P f values were fitted to the exponential function y ϭ a(1Ϫexp(Ϫbx)) ϩ c, where y is P f and x is the amount of protein in arbitrary units. The amount of wt-AQP2 that would be necessary to obtain the P f value observed for the mutants was calculated from the equation. The ratio of the amount of wt-AQP2 and mutant AQP2 for the P f that had been obtained for the mutant indicates the single channel water permeability of the mutant relative to wt-AQP2 in percentage. Statistical significance was determined using the t test.
Immunocytochemistry on Oocytes
Two days after injection of oocytes with 10 ng of mutant AQP2 cRNAs or 1 ng of wt-AQP2 cRNA, vitelline membranes were removed and oocytes were incubated for 1 h in 1% wt/vol paraformaldehyde-lysine periodate fixative (23) , dehydrated, embedded in paraffin, and sectioned. Potential sites for nonspecific antibody binding were blocked with 10% goat serum in PBS. Sections were incubated O/N with a 1:100 dilution of rabbit 5 ␣-AQP2 antibodies. After washing three times for 10 min in TBS, sections were incubated for 1 h with a 1:100 dilution of Alexa594-conjugated ␣-rabbit antibodies (Molecular Probes, Pitchford, Eugene). The sections were again washed three times for 10 min in TBS, dehydrated in methanol, and mounted in vectashield (Vector Laboratories, Berlingame, CA). AQP2 proteins were visualized using confocal laser scanning microscopy (CLSM; Bio-Rad MRC-1000).
MDCK Cells
Polarized Madin-Darby Canine Kidney (MDCK) type I cells (24) were cultured as described (25) . To obtain expression in MDCK cells, cell clones stably expressing G-AQP2 and G-AQP2-R187C were generated and selected as described (25) . For expression of G-AQP2-T125M, cells were transiently transfected with LipofectAmine according to the manufacturer's protocol (Invitrogen, Breda, The Netherlands). After growth to confluence, the cells were fixed and the AQP2 proteins were visualized by CLSM analysis as described (26) .
Results
Analysis of the Patients
In families 1 to 4, affected female individuals from consanguineous parents suggested that NDI was most likely inherited as an autosomal recessive trait (Figure 1 ). In families 3 and 4, the NDI patients inherited identical AQP2 gene alleles, which supported this assumption. Family 5 presented with one affected boy; therefore, a mutation in the AVPR2 gene could not be excluded. However, sequence analysis of genomic DNA of the patient revealed no mutation in the coding or exon-flanking sequences of the AVPR2 gene. Therefore, the AQP2 gene of patients in these five families was analyzed. As anticipated, patients from family 1 to 4 were homozygous for an AQP2 mutation, namely c83TϾC, c140CϾT, c211GϾA, or c553CϾG, which encoded L28P, A47V, V71M, or P185A AQP2 missense proteins, respectively (Figure 2) . In family 5, the patient was a compound heterozygote for a mutation in the splice donor site of exon3/intron3 (c606ϩ1GϾA) in one allele, and a nucleotide substitution (c580GϾA) combined with a Figure 1 . Segregation of nephrogenic diabetes insipidus (NDI) and Aquaporin-2 (AQP2) mutations in the studied families. For the five families studied (numbered 1 through 5), carriers (half-filled symbols), unaffected (open symbols) and affected individuals (filled symbols), and males (squares) and females (circles) are indicated. For families 3 and 4, the haplotype in chromosome region 12q13 is shown; the marker order is centromere-AFM259vf9-AQP2-D12S131-AFMb007yg5-telomere (52) (alleles of the dinucleotide markers are indicated by numbers or letters; for AQP2, the mutations or normal allele (n) are shown). For family 5, the intron 3 splice donor site mutation (GϾA), V194I mutation, and exon 4 nucleotide deletion (c652delC) are indicated. nucleotide deletion (c652delC) in the other allele, which were inherited from the father and mother, respectively. The c580GϾA mutation codes for a V194I mutation in AQP2.
Functional Analysis of Encoded AQP2 Missense Mutants in NDI
To determine whether the identified missense mutations could be causal for NDI, each mutation was introduced into the AQP2 cDNA sequence, cloned into an oocyte expression vector and transcribed. In addition, two other mutants (AQP2-T125M and AQP2-G175R [ Figure 2 ]) were included, because these mutants were suggested to be nonfunctional channels unimpaired in their routing to the plasma membrane (19). Although low expression levels already reveal whether AQP2 mutants are misfolded, high expression levels also enable us to determine whether such mutants are functional water channels, because at these levels a considerable amount of the mutants is often expressed in the plasma membrane (27, 28) . Therefore, oocytes were injected with 10 ng of cRNAs coding for AQP2 mutants, along with a concentration series of wt-AQP2 cRNA (0.3, 0.6, 1.2, and 2.4 ng). An exception was AQP2-V194I, of which 0.5 ng of cRNA was injected, because preliminary experiments indicated that this mutant conferred high water permeability (not shown). Three days later, water transport analysis revealed that the P f s of oocytes expressing wt-AQP2 or the mutants AQP2-A47V, AQP2-T125M, or AQP2-V194I were significantly higher than that of control oocytes, whereas the P f s of oocytes expressing AQP2-L28P, AQP2-V71M, AQP2-G175R, or AQP2-P185A were not different from controls ( Figure 3) .
To check for expression levels, total membranes and plasma membranes were isolated from these oocytes and subjected to immunoblotting for AQP2. Wt-AQP2 and all AQP2 mutants were expressed in the total membrane and plasma membrane fractions (Figure 4 , panels A and B, respectively). For the AQP2 mutants AQP2-L28P, AQP2-A47V, AQP2-V71M, AQP2-G175R, and AQP2-P185A, the characteristic unglycosylated 29-kD and high-mannose glycosylated 32-kD AQP2 forms were present, whereas only a 29-kD band was detected for wt-AQP2, AQP2-T125M, and AQP2-V194I. As reported in reference 28, a decreased ratio of plasma membrane versus total membrane expression for an AQP2 mutant compared with Figure 2 . The localization of the mutations in AQP2. The AQP2 protein is predicted to consist of six transmembrane domains connected by loops A through E with the N and C-termini located intracellularly. In the proposed AQP2 topology, the amino acids are represented as circles and labeled with the standard single-letter designations. The missense mutations (encircled letters), splice site mutation (splice GϾA), and nucleotide deletion (c652delC) as identified in the NDI patients are indicated.
that of wt-AQP2 indicates that the mutant protein is retained within the cell. As can be seen in Figure 4 , each AQP2 mutant showed a stronger total membrane than plasma membrane signal when compared with those signals for wt-AQP2, except for AQP2-V194I (compare lanes A and B for wt and mutant AQP2 proteins). These data indicated that all AQP2 mutants, except AQP2-V194I, were retarded in their routing to the plasma membrane. Other immunoblots and P f measurements of oocytes injected with a concentration series of wt-AQP2 and AQP2-V194I cRNAs revealed that the routing and function of AQP2-V194I were not different from those of wt-AQP2 (not shown).
Interestingly, an AQP2 degradation product of about 27 kD was observed in the TM lanes of most AQP2 mutants, which was most prominent for AQP2-T125M ( Figure 4A ). Because different levels of cRNA of wt-AQP2 and AQP2 mutants were injected in these experiments, it was not clear whether this degradation product would also be found for wt-AQP2. Oocytes were therefore injected with 1-, 3-, and 10-ng cRNA amounts encoding wt-AQP2 or AQP2-T125M. Immunoblot analysis of total membranes of these oocytes revealed that this 27-kD band is indeed also found for wt-AQP2, but only at high expression levels ( Figure 5 ). At these levels ( Figure 5 ) but not at low expression levels (Figure 4) , also some complex-glycosylated AQP2 (40 to 45 kD) is detected for wt-AQP2-expressing oocytes. As noted before (15) , this might be due to a different repertoire of proteins involved in glycosylation in oocytes, because our antibodies easily detect complex-glycosylated AQP2 in renal samples (29) .
Relative Water Permeabilities of Wild-Type and Mutant AQP2 Proteins
To determine the relative amounts of AQP2 in the plasma membrane, oocyte equivalents of plasma membranes were digested with N-glycosidase F to remove the sugar moieties and immunoblotted for AQP2 ( Figure 4C ). The amount of all mutants present in the plasma membrane fractions was consistently between the lowest and highest amounts of wt-AQP2 expressed in the plasma membranes. Comparison of the measured P f values with the plasma membrane expression levels allowed the determination of the channel permeabilities of AQP2 mutants relative to that of wt-AQP2 ( Figure 6) . Previous experiments have shown that the amounts injected of wt-AQP2 are within a logarithmic phase (28); a single exponential function was therefore fitted to the P f values and amounts of the wt-AQP2 concentration series. Subsequently, the ratio of the amounts of wt-AQP2 and AQP2 mutant conferring the partic- Figure 3 . Osmotic water permeabilities of oocytes expressing AQP2 proteins. Three days after injection of the indicated amounts of wt-AQP2 cRNA, 0.5 ng of AQP2-V194I cRNA, or 10 ng cRNA encoding the other AQP2 mutants in recessive NDI, oocytes were subjected to a standard swelling assay. Non-injected oocytes were used as a control. Mean water permeabilities (P f ) and SEM of 12 oocytes are shown. An asterisk indicates a significant (P Ͻ 0.01) increase in P f above that of control oocytes. Figure  3 , total membranes (A) or plasma membranes (B and C) were isolated. To semi-quantify the amount of AQP2 in the plasma membranes, oocyte equivalents of plasma membrane fractions were treated with N-glycosidase F before immunoblot analysis (C). Oocyte equivalents of 0.5 (A), 2 (B), or 1 (C) were immunoblotted for AQP2. The masses of unglycosylated AQP2 (29 kD), high-mannose glycosylated AQP2 (32 kD), and the degradation product of AQP2 (27 kDa) are indicated. Figure 5 . Forms of wt-AQP2 and AQP2-T125M at different expression levels. From 12 oocytes injected with 1, 3, or 10 ng of cRNA coding for wt-AQP2 or AQP2-T125M, total membranes were isolated. Of each injection, a one oocyte equivalent was immunoblotted for AQP2. Unglycosylated AQP2 (29 kD), high-mannose glycosylated AQP2 (32 kD), and the degradation product of AQP2 (27 kD) are indicated. ular P f of the mutant AQP2 was calculated. From four such independent experiments, it was concluded that AQP2-L28P, AQP2-V71M, AQP2-G175R, and AQP2-P185A were nonfunctional water channels. In contrast, AQP2-T125M and AQP2-A47V retained about 25% and 40% of the single channel water permeability of wt-AQP2, respectively, whereas the water permeability conferred by AQP2-V194I was similar to that of wt-AQP2.
Subcellular Localization in Oocytes and MDCK Cells
To determine the subcellular expression pattern, oocytes expressing wt-AQP2 or AQP2 mutants were subjected to immunocytochemistry ( Figure 7) . Confocal laser scanning analysis of stained sections of these oocytes revealed a dispersed staining for AQP2-L28P, AQP2-A47V, AQP2-V71M, AQP2-T125M, AQP2-G175R, and AQP2-P185A. In addition, some plasma membrane staining was observed for oocytes expressing AQP2-A47V, AQP2-V71M, AQP2-T125M, and AQP2-G175R. In contrast, wt-AQP2 and AQP2-V194I only showed strong plasma membrane expression, while non-injected oocytes essentially revealed no labeling.
Although AQP2-T125M expression in oocytes revealed a similar distribution as the other AQP2 mutants in recessive NDI, the inability to determine whether AQP2-T125M is retained in the ER by the appearance of a 32-kD high-mannose glycosylated band in immunoblotting (Figure 4 ) urged us to investigate the expression of this mutant in polarized MDCK cells. Therefore, MDCK cells were transfected with constructs coding for wt-AQP2, AQP2-R187C, and AQP2-T125M coupled to GFP to facilitate detection. Immunocytochemistry and subsequent confocal laser scanning microscopy of cells transfected with these constructs revealed that GFP-AQP2 was predominantly expressed in the apical plasma membrane (Figure 8) . In contrast, AQP2-R187C and AQP2-T125M showed a similar dispersed staining throughout the cell.
Discussion
Trafficking and Glycosylation Forms of AQP2
AQP2, like other glycosylated membrane proteins, is synthesized in the ER, where it is folded and assembled into a homotetramer. In addition, in this organelle, high-mannose sugar moieties are attached to Asn123 of AQP2, which is part of a canonical N-glycosylation consensus site (N 123 -X-T 125 ; Figure 2 ). En route to the plasma membrane, the high-mannose Figure 6 . Functionality of AQP2 mutants. To determine the relative single channel permeability of AQP2 mutants in recessive NDI, the water permeabilities (P f Ϯ SEM in m/sec) obtained for oocytes expressing wt or mutant AQP2 proteins were related to their amounts detected in the plasma membrane. The wt-AQP2 data were fitted to an exponential function (see Materials and Methods). One representative experiment is shown (n ϭ 12 oocytes). Figure 7 . Localization of the AQP2 mutants in oocytes. Non-injected oocytes (C), oocytes injected with 1 ng of cRNA coding for wt-AQP2 or 10 ng of AQP2-L28P, -A47V, -V71M, -T125M, -G175R, -P185A, or -V194I were fixed in paraformaldehyde and embedded in paraffin. Sections were incubated with rabbit ␣-AQP2 antibodies followed by Alexa594-conjugated ␣-rabbit antibodies. AQP2 proteins were visualized using confocal laser scanning microscopy. The plasma membrane is indicated by an arrow. Figure 8 . Localization of the AQP2-T125M in MDCK cells. MDCK cells were transfected with expression constructs encoding GFPtagged wt-AQP2 (G-AQP2), AQP2-T125M (G-AQP2-T125M), or AQP2-R187C (G-AQP2-R187C) and grown to confluence on semipermeable filters. Following fixation and embedding in VectaShield, XY and XZ images of the localization of the AQP2 proteins were made using confocal laser scanning microscopy.
sugar groups are removed in the Golgi complex, after which these AQP2 molecules are complex glycosylated. In line with other AQPs (30, 31) but in contrast to most glycosylated proteins, only one or two monomers within an AQP2 tetramer are glycosylated (32) . The mass of complex glycosylated AQP2 ranges from 40 to 45 kD; these AQP2 forms are therefore only detected on immunoblots when high amounts are loaded.
Proteins that are not properly folded in the ER are thought to have extended interaction times with the ER folding proteins, named molecular chaperones (33) . As such, misfolded AQP2 mutants are usually detected as high-mannose glycosylated proteins of 32 kD on immunoblots, in addition to the unglycosylated 29-kD form (6, (15) (16) (17) (18) . The sensitivity of the 32-kD bands for cleavage by endoglycosidase H, which specifically removes high-mannose sugar moieties, strongly indicate that these AQP2 forms are ER-retained proteins (15) . In contrast, proteins that are properly processed, as is the case for wt-AQP2 in oocytes, the ER retention time is very short and, therefore, only the 29-kD band is detected (Figure 4) . The high-mannose glycosylated form of wt-AQP2 (32 kD) is usually only observed when wt-AQP2 is expressed at high levels and with a long exposure time of the film to the blot (e.g., Figure 5 ).
Cell Biologic Phenotype of Missense AQP2 Mutants Underlying NDI in Families 1 to 4
Except for AQP2-V194I, the AQP2 missense mutants studied here are no exception to the general defect described above. When expressed at a higher level than wt-AQP2 ( Figure 4A) , which is the result of the injection of higher amounts of mutant AQP2 cRNAs, all mutants conferred reduced water permeability to oocytes ( Figure 3 ) and were partly expressed as highmannose glycosylated 32-kD proteins ( Figure 4, A and B) , which is indicative of retention in the ER. As reported before by Goji et al. (19) , the absence of a 32-kD band in the lane of AQP2-T125M is caused by the loss of the AQP2 N-glycosylation consensus sequence due to the introduced mutation. Additional evidence that all these mutants are retained in the cell is provided by the fact that, compared with wt-AQP2, much less of the AQP2 mutants is expressed in the plasma membranes ( Figure 4) and that all these mutants show a dispersed immunocytochemical staining in oocytes (Figure 7) .
Besides the 29-and 32-kD bands, a 27-kD AQP2 band was observed, which must be an AQP2 degradation product that misses about 20 amino acids from the N-terminus, because the used antibodies are directed against the AQP2 C-terminus. Although it was seen for all AQP2 mutant proteins and wt-AQP2 ( Figures 4A and 5) , it was most prominent for AQP2-T125M. This mutant lacks N-linked glycosylation, and the interaction of the sugar moieties of several proteins with the ER molecular chaperones calnexin, calreticulin, and glucosidases I and II has been shown to provide stability (34, 35) ; the presence of relatively high amounts of 27-kD AQP2 in oocytes expressing AQP2-T125M might therefore indicate that N 123 glycosylation of AQP2 is needed for its stability and further cellular processing. Immunoblots of renal AQP2, however, did not reveal a 27-kD AQP2 band (not shown); it is therefore unclear whether such a product exists and has a function in vivo.
In unstimulated polarized MDCK cells, G-AQP2 was mainly expressed in the apical plasma membrane (Figure 8 ), which is different from the vesicular localization of untagged AQP2 in MDCK cells (29) . Although this indicated that the N-terminal GFP interfered with a proper shuttling of AQP2 between vesicles and the apical plasma membrane, the plasma membrane localization also revealed that G-AQP2 was properly folded at the ER and therefore could be used as a control to analyze the distribution pattern of AQP2-T125M in more detail. In contrast to G-AQP2, G-AQP2-T125M showed a dispersed staining pattern in MDCK cells, which was similar to that of G-AQP2-R187C, of which the untagged form is a classical AQP2 mutant in recessive NDI (Figure 8 ). Such a dispersed expression pattern has also been observed for misfolded and ER-retained mutants of AQP2 and other proteins in different cell types (17, 36) . Therefore, these results support our data in oocytes that AQP2-T125M is also retained in the ER.
Our data for AQP2-T125M and AQP2-G175R are in contrast to those of Goji et al. (19) , who used similar techniques but reported that these mutants were only expressed in the plasma membrane and were nonfunctional water channels. According to our results AQP2-T125M is partially functional (Figure 6 ). The absence of an increased P f for AQP2-T125M observed by Goji et al. might be due to the lower amount of injected cRNAs (3 ng compared with 10 ng in this study). Their immunoblots appear to show a reduced level of expression in plasma membrane compared with total membrane expression for both mutants compared with wt-AQP2, which indicates that both mutants were retained in the cell. In addition, a 32-kD band was visible for AQP2-G175R in total and plasma membranes, but not for wt-AQP2, which also indicates that AQP2-G175R is ER retained in their oocytes. The relatively strong immunocytochemical staining in the plasma membranes of AQP2-T125M and AQP2-G175R reported by Goji et al. seems to contradict retention of these mutants in the ER. An explanation for this might be that their AQP2 antibodies are less sensitive for high-mannose glycosylated AQP2 than the antibodies used in our experiments, because (1) with ERretained mutants the plasma membrane contains relatively more 29-kD AQP2 than 32-kD AQP2 compared with the proportions found in intracellular organelles (Figure 4 : compare lanes A and B [27] ) and (2) the AQP2 antibodies used by Goji et al. did not detect a 32-kD band or show dispersed immunocytochemical staining for AQP2-T126M, in contrast to what we previously reported (16) .
Cell Biologic Basis for NDI in Family 5
Our expression studies in oocytes revealed that the function and routing of AQP2-V194I were similar to those obtained for wt-AQP2, which suggests that the V194I mutation does not result in an AQP2 protein that is involved in NDI. Instead, NDI in family 5 is most likely caused by the splice site mutation (c606ϩ1GϾA), which involves a highly conserved nucleotide (37) inherited from the father and the single nucleotide deletion (c652delC) inherited from the mother, because the mutations are predicted to result in two different truncated proteins that are misfolded and retained in the ER.
Functionality of AQP2 Missense Mutants
High expression levels in oocytes and in CHO cells of three AQP2 mutants (AQP2-T126M, AQP2-A147T, and AQP2-L22V) indicated that they are functional water channels (16, 17) . The extent of functionality, however, differs between mutants, because at high expression levels, AQP2-A147T was as functional as wt-AQP2 while AQP2-T126M and AQP2-G64R retained 20% of the permeability of wt-AQP2 (27) . Similarly it was found in this study that AQP2-L28P, AQP2-V71M, AQP2-G175R, and AQP2-P185A are nonfunctional, whereas AQP2-A47V and AQP2-T125M retained 40 and 25% of the single channel permeability of wt-AQP2, respectively. As has been shown in vitro, treatment of cells expressing AQP2-T126M or AQP2-A147T with chemical chaperones facilitated the translocation of these mutants to the plasma membrane (17) . Chemical chaperones might be of therapeutic value for the subset of NDI patients with mutant AQP2 proteins that retain a sufficient level of functionality and are retained in the ER.
AQP2 Mutants in Recessive NDI: Reduced Functionality or Just ER Retention?
The Xenopus oocyte has a large translational capacity (similar to that of 5 ϫ 10 4 somatic cells [38] ); therefore, high expression levels can be obtained. As is also well known for proteins transiently expressed in mammalian cells, high expression levels lead to a "storage saturation" in the organelle where the protein would only be localized when expressed at low levels, resulting in the appearance of the protein in other organelles. In this study, this feature of organelle overloading was used to determine the water permeability of mutants AQP2 proteins relative to that of wt-AQP2. Thus, we were able to show the presence of high-mannose glycosylated AQP2 in the plasma membrane fraction ( Figure 4B ). In contrast, endogenously expressed proteins, which are expressed at a level that is manageable for the cell, have never been detected in plasma membranes of cells. Similarly, at moderate expression levels, ER-retained AQP2 mutants do not appear in the plasma membrane of oocytes (28) . Furthermore, whereas other ER-retained proteins expressed in mammalian cells in vitro or in vivo were completely retained in the ER (36,39 -43) , it has been shown that such ER-retained proteins are often transported to and function in the plasma membrane of oocytes to some extent. For example, the ER-retained but functional cystic fibrosis transmembrane conductance regulator lacking Phe508 (CFTR-⌬F508) confers chloride conductance in oocytes, but it does not exit the ER in mammalian cells (44 -47) . Similar observations have been made for mutants of the HERG voltage-gated potassium channel that cause hereditary long QT syndrome (43) and mutants of tyrosinase in albinism (36) . The high levels of expression of mutant proteins in oocyte plasma membranes has been attributed to a reduced level of degradation, because they appear to be temperature-sensitive and oocytes are cultured at 18°C, whereas mammalian cells are cultured at 37°C (36, 43, 46) . Although it cannot be excluded that reduced water channel function may contribute to NDI, these studies strongly indicate that ER retention and subsequent degradation are the major, and presumably only, reason why missense AQP2 mutations cause autosomal recessive NDI. This hypothesis is corroborated by the absence of mutant AQP2 proteins in urine of patients with autosomal recessive NDI, whereas AQP2 is easily detected in urine of healthy individuals (48, 49) . However, only analysis of the expression of such AQP2 mutants in renal principal cells would definitively establish their cellular fate.
In conclusion, we identified seven new AQP2 mutations and determined the cell-biologic cause of five AQP2 missense mutations identified in patients with autosomal recessive NDI. Our experiments show that the cell-biologic phenotype in oocytes of AQP2 missense mutations in autosomal recessive and dominant NDI is now consistently different, because all 20 AQP2 missense mutations that cause autosomal recessive NDI (6, 15, 16, 50, 51) are class II mutations (i.e., leading to misfolding and ER retention). Some of these mutants appear to be able to function as water channels; therefore, the challenge of the future is to find chemical chaperones to treat NDI patients by restoring the routing of partially functional water channels to the plasma membrane.
